High-density lipoprotein (HDL) is a collection of heterogeneous lipid-protein particles that contain amphipathic exchangeable apolipoproteins, primarily apolipoprotein AI (apoAI), as the major structural component ([@B1], [@B2]). Early functional studies revealed that HDL accepts free cholesterol from cells such as erythrocytes, fibroblasts, and macrophages and donates it in the form of ester to the liver and steroidogenic organs, and thus facilitates reverse cholesterol transport (RCT) from peripheral to cholesterol-catabolizing tissues ([@B3], [@B4]). At the same time, epidemiological investigations in human populations showed that higher levels of HDL-cholesterol (HDL-C) correlate with a lower risk of cardiovascular disease (CVD) ([@B5], [@B6]). This inverse association between HDL-C and CVD was proposed to reflect an atheroprotective effect that accrues from the macrophage branch of RCT (mRCT), *i.e*., cholesterol removal by HDL from macrophages residing in the arterial intima ([@B5], [@B7]). More recently, HDL was shown to possess a number of additional atheroprotective properties, such as anti-inflammatory and antithrombotic effects ([@B1]). A series of human clinical trials and investigations in transgenic murine models have demonstrated that interventions that potentially enhance mRCT also forestall atherogenesis ([@B1], [@B8]). However, it had been unclear whether HDL-C directly promotes mRCT, enhances other HDL atheroprotective properties, and reduces CVD risk, or merely marks a very active HDL-mediated macrophage cholesterol egress. Recently several clinical trials designed to pharmacologically elevate HDL-C levels and a human genetics study capable of detecting causative relationships all agreed that the association between HDL-C and CVD lacks causality ([@B9]). These findings bring to the fore the need to elucidate qualitative characteristics of HDL that are most conducive to active mRCT and its other antiatherogenic activities.

HDL arises as nascent discoidal particles, which are remodeled to mature spherical HDL through the activity of lecithin:cholesterol acyltransferase (LCAT; ref. [@B1]). Nascent HDL forms from cell lipid and lipid-free apoAI in a process mediated by ATP-binding cassette transporter A1 (ABCA1) and may also appear as a by-product during lipolysis of apolipoprotein B (apoB)-containing lipoproteins ([@B10]). The complete absence of morphologically and biochemically normal HDL in the plasma of patients with Tangier disease ([@B11]), which is caused by a lack of active ABCA1, suggests that the ABCA1-mediated process is an essential source of the discoidal HDL precursors. The majority of nascent HDL particles, apoAI, and HDL phospholipid and cholesterol originates in the liver ([@B12]); the intestine is the second most important contributor to the HDL pool ([@B13]), while macrophages do not express apoAI and contribute relatively very little to the HDL lipid levels ([@B14], [@B15]). In hepatocytes, a significant fraction of endogenously expressed apoAI undergoes lipidation in subcellular compartments, while a majority acquires lipid from the plasma membrane after secretion ([@B16], [@B17]). However, in cells that do not express apoAI, including macrophages, lipidation of exogenous apoAI occurs primarily on the cell surface ([@B18][@B19][@B20]).

HDL particles exhibit substantial heterogeneity in terms of size and lipid and protein composition ([@B2]). Because certain HDL species may stimulate mRCT more than others ([@B21]), this heterogeneity is likely responsible for the considerable variability in the extent to which HDL samples from different individuals accept macrophage cholesterol ([@B22]). Nascent HDL includes a number of particle species that differs in size, the number of apoAI molecules per lipoprotein particle, and the number of lipid molecules per molecule of apoAI ([@B23][@B24][@B28]). The cause of nascent HDL heterogeneity is unknown; however, we noted that reconstituted HDL (rHDL) particles that arise from purified lipids and lipid-free apoAI in cell-free systems and resemble nascent HDL in structure are also similarly diverse in size and lipid and apoAI content ([@B29][@B30][@B31]). rHDL diversity comes about as a consequence of the intrinsic structural flexibility of apoAI, which can assume a variety of conformations to accommodate different amounts of lipid ([@B32]). Thus, as the starting lipid to apoAI molar ratio increases, *i.e*., lipid becomes more plentiful than apoAI, rHDL assembly shifts from the smaller to larger particles ([@B29][@B30][@B31], [@B33]). Given that ABCA1 appears to perform a facilitatory role during nascent HDL assembly ([@B34], [@B35]), we hypothesized that the availabilities of cell lipid and lipid-free apoAI also dictate nascent HDL particle heterogeneity. Here we show that increases in the ratio of available cell lipid to lipid-free apoAI lead to production of larger nascent HDL particles that contain more apoAI molecules per particle and more lipid molecules per molecule of apoAI. This finding identifies a fundamental cause of HDL particle heterogeneity.

MATERIALS AND METHODS
=====================

Cell culture and biogenesis of nascent HDL
------------------------------------------

BHK-ABCA1, BHK-ABCA1(W590S), and BHK-ABCA1(C1477R) cells expressing human wild-type or mutant ABCA1 have been previously described ([@B36], [@B37]). RAW 264.7, J744, and HepG2 cells were from American Type Culture Collection (Manassas, VA, USA). The cell lines were routinely maintained in DMEM (BHK and RAW 264.7), RPMI (J774), or MEM (HepG2) medium supplemented with FBS to 10% and gentamicin to 50 μg/ml at 37°C in 5% CO~2~. Nascent HDL particles were generated as described in the following for the BHK-ABCA1 line. BHK-ABCA1 cells (3 or 4 T75 flasks/condition) were plated at a 1:10 dilution (unless specified otherwise) from a confluent culture, allowed to attach overnight in DMEM/10% FBS/50 μg/ml gentamicin, and labeled in DMEM/2.5% FBS/50 μg/ml gentamicin overnight with one of the following: 1.3 μCi/ml \[methyl-^3^H\]choline chloride and 0.06 μCi/ml \[4-^14^C\]cholesterol, 0.5 μCi/ml \[1,2-^3^H(N)\]cholesterol, or 1 μCi/ml \[methyl-^3^H\]choline chloride (all radiochemicals were from PerkinElmer, Waltham, MA, USA). The cells were then treated with 0--10 nM mifepristone for 16--20 h in DMEM/0.2% BSA (fraction V, fatty acid free, EMD Millipore, Billerica, MA, USA)/50 μg/ml gentamicin and exposed to 0--40 μg/ml human apoAI, human \[^14^C\]apoAI (labeled to ∼1 μCi/mg as described previously; ref. [@B27]), or mouse recombinant apoAI (Q225, V226; recombinant mouse apoAI was expressed in Escherichia coli as described previously; ref. [@B38]) in DMEM/50 μg/ml gentamicin for 8 h. 8-(4-Chlorophenylthio)adenosine 3′,5′-cyclic monophosphate sodium salt (8-CPT-cAMP; Sigma-Aldrich, St. Louis, MO, USA) was used at the indicated concentrations to induce ABCA1 expression in RAW 264.7 and J774 cells. HepG2 cells were plated at a 1:3 dilution from a confluent culture and allowed to grow for 4--5 d before labeling with radiochemicals and treatment with T0901317 (Sigma-Aldrich) at the indicated concentrations to up-regulate ABCA1 expression. Cell medium with nascent HDL was collected, filtered through a 0.45 μm PVDF membrane filter unit (EMD Millipore), reduced in volume 20× from 30 to 1.5 ml using an Amicon Ultracel-10K centrifugal filter (EMD Millipore) and stored at 4°C for further analysis.

Gel-filtration chromatography of nascent HDL
--------------------------------------------

A 1-ml aliquot of the 20× concentrated cell medium with nascent HDL was resolved into 1-ml fractions on a calibrated HiLoad 16/60 Superdex 200 gel-filtration column (GE Healthcare, Mickleton, NJ, USA). TBS (pH 7.4) was the mobile phase. Each fraction was combined with 5 ml of ScintiVerse BD cocktail (Fisher Scientific, Pittsburgh, PA, USA) and read in a scintillation counter; when dual labeling was used, \[^3^H\] and \[^14^C\] counts were adjusted for the energy emission spectra overlap. Alternatively, the fractions containing the larger (\>8.6 nm) or the smaller (\<8.6 nm) nascent HDL particles were combined together, concentrated to 0.8--1.0 ml using Amicon Ultracel-10K centrifugal filter units (EMD Millipore) and stored at 4°C for further analysis. The gel-filtration column was washed between runs with 30% isopropanol and 1 M NaOH, as recommended by the manufacturer. The following standards (Sigma-Aldrich) were used to calibrate the column: cytidine, *V*~t~; thyroglobulin, 17.0 nm; apoferritin, 12.2 nm; lactic dehydrogenase, 8.16 nm; BSA, 7.1 nm; carbonic anhydrase, 4.4 nm; blue dextran, *V*~o~.

Native polyacrylamide gel electrophoresis (PAGE) analysis of nascent HDL
------------------------------------------------------------------------

Aliquots of the concentrated cell medium and the isolated larger and smaller nascent HDL particles were normalized to the same amount of cell medium or the same apoAI concentration and resolved on 4--20% Tris-glycine native PAGE (at 90 V for 17.3 h) and 3--12% Bis-Tris blue native PAGE gels (Invitrogen/Life Technologies, Grand Island, NY, USA), blotted, and probed with a goat polyclonal anti-apoAI antibody (NB400-147; Novus Biological, Littleton, CO, USA). NativeMark unstained protein standards (Invitrogen/Life Technologies) were employed for estimating particle size. In Bis-Tris gels, the dark blue cathode buffer was used during the first third of the run and then replaced with the light blue cathode buffer.

ApoAI cross-linking
-------------------

TBS suspensions of the isolated larger and smaller nascent HDL particles were extensively dialyzed in 10 mM sodium phosphate buffer, pH 7.4. ApoAI cross-linking was conducted at 2 concentrations of each particle preparation, undiluted, and 10× diluted with 10 mM sodium phosphate buffer (pH 7.4) in order to distinguish between intra- and interparticle cross-link products ([@B39]). Bis\[sulfosuccinimidyl\] suberate (BS^3^), Thermo Scientific, Rockford, IL, USA) was added to the final concentration of 2.5 mM, and cross-linking reactions were allowed to proceed for 30 min at room temperature. To generate an apoAI oligomer ladder, lipid-free apoAI was dialyzed in 10 mM sodium phosphate buffer (pH 7.4), diluted with the same buffer to 0.5 mg/ml, and cross-linked with 0.25 mM BS^3^ at room temperature for 30 min ([@B40]). Cross-linking reactions were stopped by adding 0.5 M Tris base to the final concentration of 45 mM. Cross-linking products were resolved on Tris-glycine SDS-PAGE gels and visualized *via* immunoblotting with a goat polyclonal anti-apoAI antibody (NB400-147; Novus Biological).

Lipid and apoAI content analysis of nascent HDL
-----------------------------------------------

\[^3^H\]Cholesterol- and \[^14^C\]apoAI-containing larger and smaller nascent HDL particles were prepared as described above. The amount of apoAI in the preparations was calculated from the \[^14^C\]apoAI-specific activity. The amount of cholesterol in the larger HDL particles generated at saturating mifepristone and apoAI concentrations (10 nM and 20 μg/ml, respectively) was measured using the cholesterol E kit (Waco Chemicals, Richmond, VA, USA) and then used to calculate the HDL particle \[^3^H\]cholesterol-specific activity. This specific activity value was used to determine the amount of cholesterol in particle preparations that contained cholesterol amounts below the detection limit of the kit. \[^3^H\]Cholesterol-specific activity was calculated for each independent experiment. Choline phospholipids were assayed using the phospholipids C kit (Waco Chemicals).

Cell cholesterol efflux assay
-----------------------------

BHK-ABCA1 cells were seeded in 24-well plates at a 1:10 dilution from a confluent culture, allowed to attach overnight in DMEM/10% FBS/50 μg/ml gentamicin, labeled with 0.5 μCi/ml \[1,2-^3^H(N)\]cholesterol in DMEM/2.5% FBS/50 μg/ml gentamicin overnight, treated with 0--10 nM mifepristone for 16--20 h in DMEM/0.2% BSA/50 μg/ml gentamicin, and exposed to 10 μg/ml human apoAI in DMEM/50 μg/ml gentamicin for 4 h. The medium was collected and filtered through a 96-well filter plate (EMD Millipore); a 100-μl aliquot of each sample was read in a scintillation counter. Cell lipids were extracted with hexane-isopropanol (3:2, v/v); the solvent was evaporated, and the lipids were read in a scintillation counter. The percentage of cellular cholesterol released to apoAI was calculated by dividing the \[^3^H\] counts in the medium by the sum of \[^3^H\] counts in the medium and cells and multiplying by 100.

ABCA1 expression analysis
-------------------------

BHK-ABCA1 cells were plated from a confluent culture at a 1:10 dilution in 12-well plates in DMEM/10% FBS/50 μg/ml gentamicin, allowed to grow for 2 d, and then treated with 0--10 nM mifepristone in DMEM/0.2% BSA/50 μg/ml gentamicin for 16 h. Thereafter, the medium was removed, and the cells were lysed in radioimmunoprecipitation assay buffer (Sigma-Aldrich). Cell proteins were resolved on a Tris-glycine SDS-PAGE gel, blotted, and probed with a rabbit polyclonal ABCA1 antibody (NB 400-105) and a mouse monoclonal GAPDH antibody (NB300-221) (both from Novus Biological).

\[^3^H\]Choline-phospholipid-specific activity in the plasma membrane
---------------------------------------------------------------------

BHK-ABCA1 cells were plated in T75 flasks (4 flasks/treatment), labeled with 1 μCi/ml \[methyl-^3^H\]choline chloride, and treated with mifepristone at the indicated concentrations as for production of nascent HDL particles. However, instead of adding apoAI, cells were washed twice with a HEPES buffer (10 mM HEPES/150 mM NaCl/2 mM CaCl, pH 7.4) and then incubated in 5 ml/flask of HEPES buffer/50 mM formaldehyde/2 mM DTT for 90 min at 37°C to allow giant plasma membrane vesicles to form ([@B41], [@B42]). Subsequently, the buffer with plasma membrane vehicles was collected and centrifuged at 100 *g* for 10 min in a swinging bucket rotor. The supernatant was transferred to an ultracentrifuge tube and further centrifuged at 20,000 *g* for 1 h at 4°C to pellet plasma membrane vesicles. The upper part of the supernatant was discarded, while the bottom 3 ml was pipetted up and down to resuspend the pellet, transferred to a borosilicate glass tube (Kimble Chase, Vineland, NJ, USA) and mixed by vortexing with 12 ml of chloroform/methanol (2:1, v/v). The mixture was centrifuged at 1000 g for 10 min in a swinging bucket rotor. The lower chloroform phase was collected into a fresh glass tube, and its volume was estimated. Two 100-μl fractions of the lower phase were transferred to glass scintillation vials, evaporated, and read in a scintillation counter. The remainder (∼7.8 ml) was evaporated in a stream of nitrogen and assayed for phosphorus ([@B43]). Before reading at 797 nm, samples were centrifuged at 5000 *g* for 10 min to pellet colloidal particles. \[^3^H\]Choline-phospholipid-specific activity was expressed as \[^3^H\]choline-phospholipid counts per minute (cpm) per 1 μg of phospholipid.

Gas-liquid chromatography
-------------------------

Lipids extracted from nascent HDL particles with chloroform/methanol following the Bligh-Dyer method were assayed for cholesterol and cholesteryl ester using gas-liquid chromatography ([@B44]).

RESULTS
=======

ABCA1-created abundance of cell lipid available for efflux favors production of larger nascent HDL particles in BHK-ABCA1 cells
-------------------------------------------------------------------------------------------------------------------------------

Investigations of cell-free reassembly of nascent HDL from its purified constitutive components, lipids and lipid-free apoAI, have found that the starting lipid to apoAI molar ratio determines the size distribution of the resultant rHDL particles ([@B33]). The BHK-ABCA1 line was used to elucidate whether the lipid to apoAI ratio also controls the size heterogeneity of cell-generated nascent HDL. BHK-ABCA1 cells express human ABCA1 under the control of a mifepristone-inducible promoter ([@B36]). Although the manufacturer of the vectors used in the construction of the cell line recommends applying mifepristone at the concentration as high as 10 nM for the maximal expression of the transgene ([@B36]), a dose-response curve showed that percentages of cellular cholesterol efflux to a saturating amount of apoAI rose linearly with increasing mifepristone concentrations only in the 0- to 1-nM range (**[Fig. 1](#F1){ref-type="fig"}*A***). ABCA1 expression levels also increased continually in the same range of mifepristone concentrations ([Fig. 1](#F1){ref-type="fig"}*B*). Elevation of cellular cholesterol efflux as a result of rising ABCA1 expression indicates that ABCA1 ensures availability of cell lipid for nascent HDL formation ([@B45], [@B46]).

![Dose-response effect of mifepristone treatment on ABCA1-mediated cholesterol efflux to apoAI and ABCA1 expression. *A*) Mifepristone treatment concentrations and percentages of total cell \[^3^H\]cholesterol released to apoAI in ABCA1-mediated fashion correlated linearly (*r*^2^=0.73) at the mifepristone doses 0 through 1 nM. To derive ABCA1-mediated cholesterol efflux to apoAI, the average of percentages of \[^3^H\]cholesterol efflux in ABCA1-expressing cells in the absence of apoAI was subtracted from individual percentages of \[^3^H\]cholesterol efflux in ABCA1-expressing cells in the presence of apoAI at 10 μg/ml. Solid line, best nonlinear fit; dotted line, best fit linear regression for the mifepristone concentrations 0 through 1 nM; error bars = [sd]{.smallcaps}, *n* = 3. *B*) ABCA1 expression at the indicated mifepristone treatment concentrations.](z380071392940001){#F1}

BHK-ABCA1 cells were labeled with \[^3^H\]choline and \[^14^C\]cholesterol, treated with increasing mifepristone concentrations to induce progressively higher intensities of ABCA1 expression, and exposed to a saturating concentration of human lipid-free apoAI. After an 8-h time period to permit lipoprotein production, nascent HDL was collected, concentrated, and analyzed using gel-filtration chromatography. In line with previous observations in BHK-ABCA1 and other cell types ([@B23], [@B24], [@B26][@B27][@B28], [@B38], [@B47]), nascent HDL particles segregated on a gel-filtration column into 2 size species: a larger and a smaller, each represented by distinct \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol elution peaks centered at the 9.9- to 10.9- and 7.7-nm, respectively, size marks (**[Fig. 2](#F2){ref-type="fig"}*A***, top and middle panels). At the lowest ABCA1 expression level, the larger (sizes from 8.6 to 14.7 nm) and smaller (sizes from 5.7 to 8.6 nm) particles formed in about equal amounts, judging from the peak magnitude. However, as ABCA1 expression and overall lipoprotein production increased, the peaks for the larger particle grew more than the peaks for the smaller species, leading to a change in the particle size distribution. To quantitate this change, the sum of cpm values in elution fractions containing the larger particles was divided by the sum of cpm values in fractions containing the smaller species to derive the large/small particle ratio for each isotope. Both \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios increased with increasing ABCA1 expression levels ([Fig. 2](#F2){ref-type="fig"}*B*) and rising total amounts of \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol in nascent HDL ([Fig. 2](#F2){ref-type="fig"}*C*, *D*). With lipid-free apoAI at a saturating level, the quantity of lipid in newly formed nascent HDL particles is proportional to the amount of cell lipid available for HDL formation through ABCA1 activity ([Fig. 1](#F1){ref-type="fig"}). Thus, the close correlation between high amounts of HDL \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol and high large/small particle ratios ([Fig. 2](#F2){ref-type="fig"}*C*, *D*) indicates that ABCA1-created abundance of apoAI-accessible cell lipid leads to preferential assembly of the larger particles at the expense of the smaller species.

![Effects of ABCA1 expression levels on nascent HDL particle heterogeneity. *A*) Gel-filtration elution profiles (top and middle panels) of nascent HDL particles formed with incrementally increasing ABCA1 expression. \[^3^H\]Choline and \[^14^C\]cholesterol-labeled BHK-ABCA1 cells were treated with the indicated concentrations of mifepristone and exposed to 20 μg/ml of apoAI. Bottom panel shows \[^14^C\]cholesterol/\[^3^H\]choline-phospholipid ratio curves derived from data in the top and middle panels. Results are representative of 4 independent experiments. *B*) Cpm values in fractions within the larger particle peaks (8.6--14.7 nm) were added and divided by the sum of cpm values in the peaks for the smaller particles (5.7--8.6 nm) to derive the large/small particle ratios for each isotope. These ratios varied by around ±10% for the same conditioned medium that was split into aliquots that were analyzed on a gel column one after the other and were significantly different from experiment to experiment, likely due to substantial differences in cell density at the time of apoAI addition (see [Fig. 3](#F3){ref-type="fig"}). *C*, *D*) Correlation between the large/small particle ratios and the total HDL \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol. Values of \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios from panel *A* and from another independent experiment were plotted as a function of the total \[^3^H\]choline-phospholipid (*C*) and total \[^14^C\]cholesterol (*D*) in the nascent HDL elution fractions.](z380071392940002){#F2}

Very limited production of nascent HDL particles at low mifepristone concentrations precluded usage of lipid mass analysis for determination of the large/small particle ratios. However, \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol were good proxies for lipid mass in test experiments at 10 nM mifepristone treatments. The difference between mass/mass and cpm/cpm large/small particle ratios ranged from 5.3 to 5.8% for choline-phospholipid and from 4.4 to 7.2% for cholesterol (assuming the mass/mass values as 100%; *n*=2). Furthermore, \[^3^H\]choline-phospholipid seemed to faithfully reflect any changes in unlabeled phospholipid levels induced in the plasma membrane, the main site of nascent HDL assembly in BHK-ABCA1 cells (ref. [@B18] and unpublished results), by variable levels of ABCA1 expression ([@B48]). The plasma membrane \[^3^H\]choline-phospholipid-specific activity values for 0.05 and 10 nM mifepristone-treated cells deviated up or down no more than 7% from the corresponding values for untreated cells (assuming the \[^3^H\]choline-phospholipid-specific activity for untreated cells as 100%; actual values were 6.2×10^3^, 5.9×10^3^, and 6.1×10^3^ \[^3^H\]choline-phospholipid cpm/μg of phospholipid for 0, 0.05, and 10 nM mifepristone-treated cells, respectively, in experiment 1, and 6.8×10^3^, 7.3×10^3^, and 7.2×10^3^ \[^3^H\]choline-phospholipid cpm/μg of phospholipid for 0, 0.05, and 10 nM mifepristone-treated cells, respectively, in experiment 2). To rule out postformation interconversion of nascent HDL particles between the larger and smaller species as a contributing factor to the lipoprotein heterogeneity, filtered cell medium containing nascent HDL was divided into 2 equal aliquots: one was incubated at 37°C for 8 h before being stored at 4°C, and the other was immediately placed at 4°C. The large/small particle ratio did not significantly deviate between the aliquots (data not shown), indicating a lack of particle remodeling after assembly.

Abundance of cell lipid available for efflux due to high cell density also favors production of the larger nascent HDL particles in BHK-ABCA1 cells
---------------------------------------------------------------------------------------------------------------------------------------------------

ABCA1 activity has a significant effect on the cell lipid state ([@B48]). In a different approach that eliminates the level of ABCA1 expression and thus the lipid state of the cell as variables, the amount of lipid available for nascent HDL formation was manipulated by changing cell density in tissue culture flasks. Greater numbers of cells packed at higher densities would supply larger amounts of lipid for efflux even through the level of ABCA1 expression in each individual cell would be the same. BHK-ABCA1 cells were seeded at 0.2×, 1×, and 2× of normal plating density, labeled with \[^3^H\]choline and \[^14^C\]cholesterol, treated with a high concentration of mifepristone to induce ABCA1 expression, and exposed to a saturating concentration of human lipid-free apoAI, followed by the regular procedure to collect and resolve lipoprotein particles. The \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios dramatically increased with increasing plating densities, rising total amounts of \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol in nascent HDL and, hence, growing availabilities of cell lipid for efflux (**[Fig. 3](#F3){ref-type="fig"}**). This observation further shows that abundance of apoAI-accessible cell lipid promotes formation of the larger nascent HDL particles and suggests that the critical parameter for nascent HDL heterogeneity is the total amount of lipid available from the entire cell population, rather than the level of lipid availability in single cells.

![Effects of cell plating density on nascent HDL particle heterogeneity. *A*) Gel-filtration profiles (top and middle panels) of nascent HDL particles formed by BHK-ABCA1 cells seeded at the indicated plating densities. Bottom panel shows \[^14^C\]cholesterol/\[^3^H\]choline-phospholipid ratio curves derived from data in the top and middle panels. *B*) \[^3^H\]Choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios calculated from the gel-filtration profiles shown in panel *A* increased with higher plating densities and hence elevated cell lipid availabilities. *C*) Large/small particle ratios shown in panel *B* closely correlated with the total amount of \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol counts present in nascent HDL particles.](z380071392940003){#F3}

To determine whether the abundance of available lipid also affects the cholesterol content of nascent HDL particles, \[^14^C\]cholesterol/\[^3^H\]choline-phospholipid cpm/cpm ratios were calculated for every elution fraction within the particle peaks ([Figs. 2](#F2){ref-type="fig"}*A* and [3](#F3){ref-type="fig"}*A*, bottom panels). These ratios did not exhibit substantial changes with increasing ABCA1 expression or cell plating density, but were significantly higher for the larger than for the smaller particles.

Assembly of larger nascent HDL particles by BHK-ABCA1 cells is further promoted by scarcity of apoAI
----------------------------------------------------------------------------------------------------

Increases in the available cell lipid:apoAI ratio due to a higher numerator, *i.e*., the amount of available for nascent HDL formation cell lipid, led to preferential production of the larger particles ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Further increases in the ratio due to a lower denominator, *i.e.*, the concentration of lipid-free apoAI, should stimulate assembly of the larger species even more at the expense of the smaller variety. To test this prediction, BHK-ABCA1 cells were labeled with either \[^3^H\]choline or \[^3^H\]cholesterol, treated with a high concentration of mifepristone to induce ABCA1 expression to the maximum level and exposed to different amounts of human lipid-free apoAI. As the amount of the apolipoprotein applied to cells decreased and overall nascent HDL assembly waned, the \[^3^H\]choline-phospholipid and \[^3^H\]cholesterol peaks for the smaller particles (\<8.9 nm) diminished more steeply than the peaks for the larger species (\>8.9 nm) (**[Fig. 4](#F4){ref-type="fig"}*A***). As a result, in line with the prediction, the \[^3^H\]choline-phospholipid and \[^3^H\]cholesterol large/small particle ratios increased, indicating that the fraction of the smaller particles in the total nascent HDL declined ([Fig. 4](#F4){ref-type="fig"}*B*). Thus, the available cell lipid:apoAI ratio controls heterogeneity of nascent HDL, with higher ratios favoring the larger particles.

![HDL particle heterogeneity as a function of apoAI availability. *A*) \[^3^H\]Choline-phospholipid (left panel) and \[^3^H\]cholesterol (right panel) gel-filtration profiles of nascent HDL particles generated by BHK-ABCA1 cells expressing ABCA1 at the maximum level with the indicated amounts of apoAI. Unlike in [Fig. 2](#F2){ref-type="fig"}, in this case cells were labeled with only one of the radiochemicals per experiment. These profiles are representative of 4 independent experiments, 2 with each isotope. *B*) \[^3^H\]Choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios calculated from the gel-filtration profiles shown in panel *A* increased with lower availabilities of apoAI and hence higher cell lipid:apoAI ratios.](z380071392940004){#F4}

Size distribution of nascent HDL particles generated at different cell lipid:apoAI ratios
-----------------------------------------------------------------------------------------

Two different kinds of native PAGE were used to resolve nascent HDL particles that formed with human apoAI in BHK-ABCA1 cells at a low (0.04 nM mifepristone and 20 μg/ml apoAI), medium (10 nM mifepristone and 20 μg/ml apoAI), and high (10 nM mifepristone and 3 μg/ml apoAI) available cell lipid:apoAI ratios. There was a good correspondence between particle sizes determined from gel-filtration profiles and from native PAGE gels. The particles that eluted as the smaller (6.7- to 8.3-nm) species on a gel-filtration column migrated on Tris-glycine native and Bis-Tris blue native PAGE gels in the 7.1- to 8.2-nm size range (**[Fig. 5](#F5){ref-type="fig"}*A*, *B***); the particles that eluted as the larger (8.9- to 15-nm) species on the column migrated on the native PAGE gels in the 8.2- to 17.4-nm size range ([Fig. 5](#F5){ref-type="fig"}*A*, *B*). Tris-glycine native PAGE gels revealed that the larger nascent HDL particles that formed at the low available cell lipid:apoAI ratio included 3 subspecies (9.1, 9.8, and 11.0 nm) of about equal prominence ([Fig. 5](#F5){ref-type="fig"}*C*). The larger particles that arose at the medium ratio included 3 additional subspecies (12.8, 15.9, and 17.6 nm) and had the 11.0 nm subspecies as the most dominant particle. The 9.1- and 11.0-nm subspecies were completely absent, and only the 9.8-, 12.8-, 15.9-, and 17.6-nm particles were present in the larger nascent HDL generated at the high available cell lipid:apoAI ratio. On Bis-Tris blue native gels, the larger particles generated at the medium and high ratios separated into 3 broad bands 10.7, 12.8, and 15.5 nm in size ([Fig. 5](#F5){ref-type="fig"}*D*). The larger HDL formed at the low ratio migrated as the 10.7-nm subspecies. On both native Tris-glycine and Bis-Tris native blue gels, the smaller particles (7.7--8.0 nm) were the dominant HDL fraction at the low available cell lipid:apoAI ratio and a minor fraction at the high value of the ratio ([Fig. 5](#F5){ref-type="fig"}*C*, *D*). The above findings corroborate the observations in gel filtration and further demonstrate that the size distribution of nascent HDL subspecies reflects the available cell lipid:apoAI ratio at the time of particle formation.

![Native PAGE analysis of nascent HDL generated at different available cell lipid:apoAI ratios. *A*) Gel-filtration profile of nascent HDL particles that were produced by BHK-ABCA1 cells at the maximum ABCA1 expression and 10 μg/ml apoAI. *B*) Elution fractions containing the larger and smaller particles (shaded portions of the profile) were combined, concentrated, and further resolved on 4--20% Tris-glycine native and 3--12% Bis-Tris blue native PAGE gels. *C*, *D*) Tris-glycine native and Bis-Tris blue native gels of nascent HDL particles generated in BHK-ABCA1 cells at the indicated available cell lipid:apoAI ratios. When loaded at the same volume of medium, the lanes with particles assembled at the low and medium available cell lipid:apoAI ratios have ∼7 times more apoAI than the lane with HDL that formed at the high value of the ratio. Representative gels from 3 independent experiments are shown.](z380071392940005){#F5}

High cell lipid:apoAI ratios promote formation of nascent HDL with higher apoAI and lipid content
-------------------------------------------------------------------------------------------------

Cross-linking analysis showed that the larger particles generated in BHK-ABCA1 cells with human apoAI at the low available cell lipid:apoAI ratio had no more than 3 apoAI molecules per lipoprotein particle (**[Fig. 6](#F6){ref-type="fig"}*A***). The larger particles generated at the medium and high ratios had up to 5. Furthermore, lipid mass analysis revealed sharp increases in the choline-phospholipid:apoAI and cholesterol:apoAI molar ratios in the larger particles with the transition from low to medium to high available cell lipid:apoAI ratios ([Fig. 6](#F6){ref-type="fig"}*B*). Taken together, the cross-linking and lipid mass analyses indicate that a relative abundance of available cell lipid over apoAI leads to formation of larger nascent HDL particles that contain more apoAI molecules per particle and, possibly as a result of this, hold more phospholipid and cholesterol molecules per molecule of apoAI.

![Cross-linking and lipid mass analysis of nascent HDL particles formed at different available cell lipid:apoAI ratios. *A*) ApoAI was cross-linked at an undiluted and a 10×-diluted concentration of nascent HDL particles in order to distinguish between inter- and intraparticle cross-linking products ([@B39]). The former products would diminish at the lower particle concentration. The absence of notable differences in relative band intensities between the right and left panels indicates that all products were a result of intraparticle cross-linking. Certain apoAI cross-link dimers migrate on SDS-PAGE gels in the size range of apoAI trimers ([@B50], [@B51]). This likely accounts for the appearance of the apoAI trimer band among cross-linking products of the smaller particles (6.8--8.3 nm), which lack requisite size to accommodate \>2 molecules of apoAI ([@B52]). The AI ladder lanes contain cross-linking products of self-associated lipid-free apoAI ([@B40]). The number of apoAI molecules in each cross-linking product is indicated on the right. Representative gels from 2 independent experiments are shown. *B*) Choline-phospholipid:apoAI and cholesterol:apoAI molar ratios for the larger particle species of nascent HDL formed at the indicated cell lipid:apoAI ratios in BHK-ABCA1 cells. Error bars = [sd]{.smallcaps} for 3 independent experiments.](z380071392940006){#F6}

A recent report presented evidence for the existence of cholesteryl ester in nascent HDL particles ([@B23]). A gas-liquid chromatography analysis of nascent HDL generated by BHK-ABCA1 cells treated with 10 nM mifepristone and exposed to 20 μg/ml human apoAI did not detect esterified cholesterol (data not shown). The divergence between this and the previously reported finding may stem from the difference in cell types used to study nascent HDL biogenesis.

Mutations in ABCA1 that compromise its functionality shift nascent HDL production to the smaller particle species
-----------------------------------------------------------------------------------------------------------------

W590S and C1477R are naturally occurring mutations in human ABCA1 that impair its functionality and cause Tangier disease ([@B49]) but do not affect its subcellular localization or expression levels ([@B37]). To determine how deficiency in ABCA1 functionality affects size heterogeneity of nascent HDL particles, BHK-ABCA1, BHK-ABCA1(W590S), and BHK-ABCA1(C1477R) cells were plated at the same density, labeled with \[^3^H\]cholesterol, induced to express ABCA1 at the maximum level, and exposed to a high concentration of human lipid-free apoAI, followed by the regular procedure to collect and analyze nascent HDL *via* gel filtration. The total amount of newly generated nascent HDL, the \[^3^H\]cholesterol large/small particle ratio, and the size of the larger particles were all the lowest for the C1477R mutant, intermediate for the W509S variant, and the highest for the wild-type ABCA1 (**[Fig. 7](#F7){ref-type="fig"}**). These results suggest that ABCA1 mutagenesis has the same effect on nascent HDL particle heterogeneity as reductions in ABCA1 expression and decreases in cell plating density: the less cell lipid is available for nascent HDL formation, in the case of ABCA1 mutants, because of impaired activity of the transporter, the more nascent HDL production is skewed to the smaller particles.

![ABCA1 mutagenesis and size heterogeneity of nascent HDL particles. BHK cells expressing wild-type ABCA1, ABCA1(W590S), or ABCA1(C1477R) were plated at the same density, labeled with \[^3^H\]cholesterol, treated with 10 nM mifepristone, and exposed to 10 μg/ml of human apoAI to generate nascent HDL. The decreased size of gel-filtration elution peaks indicates that W590S and especially C1477R mutations dramatically reduced the ability of ABCA1 to facilitate nascent HDL assembly. As nascent HDL production diminished, so did the size of the larger particles (\>8.9 nm) and the \[^3^H\]cholesterol large/small particle ratio (inset).](z380071392940007){#F7}

Cell lipid:apoAI ratio controls heterogeneity of nascent HDL particles produced by RAW 264.7, J774, and HepG2 cells
-------------------------------------------------------------------------------------------------------------------

Murine macrophage cells RAW 264.7 express endogenous ABCA1 under the control of a cAMP-inducible promoter ([@B53]). To extend to other cell lines the findings in BHK-ABCA1 cells regarding the available cell lipid:apoAI ratio as a factor controlling nascent HDL heterogeneity, nascent HDL particles were generated in RAW 264.7 cells with human lipid-free apoAI at a low (0.04 mM 8-CPT-cAMP, 20 μg/ml apoAI) and high (0.3 mM 8-CPT-cAMP, 20 μg/ml apoAI) available cell lipid:apoAI ratio. Nascent HDL particles produced by RAW 264.7 cells segregated on a gel-filtration column into larger and smaller species, which were similar in size to the corresponding species of BHK-ABCA1 nascent HDL ([Figs. 2](#F2){ref-type="fig"}*A* and **[8](#F8){ref-type="fig"}*A***). The \[^3^H\]choline-phospholipid and \[^3^H\]cholesterol large/small particle ratios for the RAW 264.7 nascent HDL increased with the transition from the low to high available cell lipid:apoAI ratio ([Fig. 8](#F8){ref-type="fig"}*B*), as was also observed in the BHK-ABCA1 cell line ([Fig. 2](#F2){ref-type="fig"}*B*). Similar results were obtained with another murine macrophage cell line J774 (data not shown) and with hepatocellular carcinoma cells HepG2 (**[Fig. 9](#F9){ref-type="fig"}**). Thus, the available cell lipid:apoAI ratio controls the heterogeneity of nascent HDL regardless of cell type.

![Available cell lipid:apoAI ratio affects heterogeneity of nascent HDL particles produced by RAW 264.7 cells. *A*) Gel-filtration profiles of nascent HDL particles generated by RAW 264.7 cells at the indicated concentrations of cAMP and human apoAI. *B*) \[^3^H\]Choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios calculated from the gel-filtration profiles shown in panel *A*. Representative results from 2 independent experiments are shown.](z380071392940008){#F8}

![Heterogeneity of nascent HDL as a function of the available cell lipid:apoAI ratio in HepG2 cells. *A*) Gel-filtration profiles of nascent HDL particles synthesized by HepG2 cells treated with the indicated concentrations of T0901317, an LXR agonist, in the presence of human apoAI. *B*) \[^3^H\]Choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios calculated from the gel-filtration profiles shown in panel *A*.](z380071392940009){#F9}

Heterogeneity of nascent HDL particles formed with mouse apoAI also reflects the cell lipid:apoAI ratio
-------------------------------------------------------------------------------------------------------

Human and mouse apoAI differ substantially in primary structure and form nascent HDL particle populations significantly divergent in size distribution ([@B38], [@B54]). To determine whether mouse apoAI is also responsive to the available cell lipid:apoAI ratio, BHK-ABCA1 cells were processed as normal to label cellular lipid pools with the radio-lipids and then either treated with 0.05 nM mifepristone and exposed to 20 μg/ml mouse apoAI (C57 variant Q225, V226; ref. [@B55]; low available cell lipid:apoAI ratio) or treated with 10 nM mifepristone and exposed to 5 μg/ml mouse apoAI (high cell lipid:apoAI ratio). In line with the previous observations ([@B38]), the larger mouse nascent HDL particles (\>8.6 nm) were clearly bigger than the corresponding species of human apoAI HDL, while the smaller species (\<8.6 nm) were about the same in size (compare [Figs. 2](#F2){ref-type="fig"}*A*, [4](#F4){ref-type="fig"}*A*, and **[10](#F10){ref-type="fig"}*A***). Also, at the same ABCA1 expression level and apoAI concentration, the smaller species of mouse nascent HDL comprised a noticeably diminished fraction of the total nascent HDL in comparison with the smaller species of human apoAI HDL. This was reflected in the generally higher mouse \[^3^H\]choline-phospholipid and \[^3^H\]cholesterol large/small particle ratios ([Figs. 2](#F2){ref-type="fig"}*B*, [4](#F4){ref-type="fig"}*B*, and [10](#F10){ref-type="fig"}*B*, data not shown, and ref. [@B38]). Nonetheless, the large/small particle ratios for the mouse nascent HDL increased with the transition from the low to high available cell lipid:apoAI ratio ([Fig. 10](#F10){ref-type="fig"}*B*), indicating that structural features responsible for the genesis of nascent HDL particle heterogeneity are conserved to some degree between human and mouse apoAI.

![Heterogeneity of nascent HDL particles generated with mouse apoAI reflects the available cell lipid:apoAI ratio. *A*) Gel-filtration profiles of nascent HDL particles produced in BHK-ABCA1 cells with mouse apoAI at the indicated mifepristone and apoAI concentrations. *B*) \[^3^H\]Choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios calculated from the gel-filtration profiles shown in panel *A*.](z380071392940010){#F10}

DISCUSSION
==========

Ratio of available cell lipid to lipid-free apoAI controls heterogeneity of nascent HDL particles
-------------------------------------------------------------------------------------------------

Studies *in vivo* with individuals deficient in LCAT and *in vitro* with cells of various types have consistently shown that nascent HDL particles form in different sizes ([@B23][@B24][@B28], [@B38], [@B47], [@B56]). Mechanisms that bring about this size heterogeneity have not been sufficiently elucidated. On a gel-filtration column, nascent HDL generated by ABCA1-expressing cells, BHK-ABCA1, RAW 264.7, J774, and HepG2, segregated into distinct larger and smaller size particle species ([Figs. 2](#F2){ref-type="fig"}, [8](#F8){ref-type="fig"}, and [9](#F9){ref-type="fig"}). The ratios of radiolabeled choline-phospholipid and cholesterol in the larger over the smaller species provided a convenient measure of the particle size distribution. Toward identification of factors responsible for nascent HDL size heterogeneity, we determined how changes in the availability of cell lipid and the concentration of extracellular lipid-free human apoAI affect the relative production of the larger and smaller nascent HDL particles in BHK-ABCA1 cells, which inducibly express human ABCA1. When the amount of cell lipid available for nascent HDL formation increased because of rising ABCA1 expression levels, higher cell densities or an absence of functional impairment in ABCA1, while apoAI concentration remained constant, the \[^3^H\]choline-phospholipid and \[^14^C\]cholesterol large/small particle ratios also increased, indicating a shift in the particle production from the smaller to the larger particle species ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [7](#F7){ref-type="fig"}). When cell lipid availability was unchanged, while apoAI concentrations decreased, the ratios increased still further, reflecting greater predominance of the larger particles over the smaller ([Fig. 4](#F4){ref-type="fig"}). These shifts in the particle size distribution are best understood if cell lipid availability and lipid-free apoAI concentration are considered not individually but as a ratio. As the available cell lipid:apoAI ratio increased, at first due to increases in the numerator, the amount of available for efflux cell lipid, and then due to decreases in the denominator, the concentration of lipid-free apoAI, the large/small particle ratios rose in concert with the share of the larger particle species in the total nascent HDL. The available cell lipid:apoAI ratio also affected the size distribution of nascent HDL particles formed in murine macrophage cell lines expressing endogenous murine ABCA1 (RAW 264.7 and J774) and in hepatocellular carcinoma cells expressing human endogenous ABCA1 (HepG2) ([Figs. 8](#F8){ref-type="fig"} and [9](#F9){ref-type="fig"}).

At present, it is unclear how nascent discoidal HDL heterogeneity translates into the heterogeneity of mature spherical HDL, which represents by far the greater portion of serum HDL. Human apoAI supports formation of two different size species of nascent HDL *in vitro* ([Fig. 2](#F2){ref-type="fig"}) and at least two major size classes of mature HDL, HDL~2~ and HDL~3~, *in vivo* in the human body and in mice expressing the human apoAI gene ([@B57]). This implies a correspondence between the size distribution of nascent and mature HDL. Mouse apoAI, in contrast, drives production of more homogenous mature HDL particles comprising a single size species *in vivo* ([@B55], [@B57]), which would suggest, if the nascent-mature HDL correspondence were to hold, that it also generates a single species of nascent HDL *in vitro*. However, mouse apoAI nascent HDL synthesized by BHK-ABCA1 cells segregated into a larger and smaller species, just as human apoAI nascent HDL particles did ([Fig. 10](#F10){ref-type="fig"}*A*). Furthermore, the available cell lipid:apoAI ratio also affected the size distribution of nascent mouse apoAI HDL particles ([Fig. 10](#F10){ref-type="fig"}*B*). On the other hand, the smaller species was less prominent in the mouse than in the human apoAI nascent HDL at the same ABCA1 expression level and apoAI concentration ([Figs. 2](#F2){ref-type="fig"}*B*, [4](#F4){ref-type="fig"}*B*, and [10](#F10){ref-type="fig"}*B* and data not shown). Furthermore, when mouse apoAI is overexpressed using adeno-associated virus vectors in apoAI-null mice, it drives production of HDL with a more complex size distribution reminiscent of human HDL ([@B58]). Thus, mouse apoAI exhibits a greater tendency than human apoAI to form larger nascent HDL particles, but possesses the ability to produce two different size HDL species in proportion to the available cell lipid:apoAI ratio.

Native PAGE revealed that BHK-ABCA1-generated nascent HDL that eluted on a gel-filtration column as the larger particle species consisted of several discrete subspecies ([Fig. 5](#F5){ref-type="fig"}). With the progressive transition from low to high values of the available cell lipid:apoAI ratio, new subspecies of the larger particle emerged and became prominent, while others completely disappeared ([Fig. 5](#F5){ref-type="fig"}*C*, *D*). The particles that formed at the high available cell lipid:apoAI ratio had more apoAI molecules per particle and more choline-phospholipid and cholesterol molecules per apoAI molecule than those that arose at the low value of the ratio ([Fig. 6](#F6){ref-type="fig"}). The capacity to form lipoprotein particles with different numbers of cholesterol molecules per molecule of apoAI may ensure that the available cell cholesterol and lipid-poor apoAI are both completely used up for assembly of nascent HDL regardless of their initial amounts. Given that lipid-poor apoAI is rapidly catabolized in the kidney ([@B59]), while an excess of cholesterol is damaging to the cell ([@B60]), this may be an important feature of nascent HDL formation. Overall, our findings show that the available cell lipid:apoAI ratio is a fundamental factor controlling nascent HDL heterogeneity.

rHDL formation as a model of nascent HDL biogenesis
---------------------------------------------------

It has been well established that the starting lipid:apoAI molar ratio controls the size heterogeneity of the resultant rHDL particles ([@B33]). At very low lipid:apoAI molar ratios, only small rHDL particles that contain 2 apoAI molecules per particle form. At higher ratios, larger species containing 3 or more apoAI molecules per particle appear. With further increases in the ratio, the proportion of the smaller particles decreases, while the larger species become predominant. The exact sizes of the smaller and larger species depend on the molecular structure of the lipid, if a single kind of lipid is employed, and the molecular composition of the lipid mixture, if more than one kind of lipid is present. However, the progression from smaller to larger rHDL particles with increasing lipid:apoAI molar ratio holds regardless of either the lipid structural and compositional parameters or the method of rHDL particle assembly (spontaneous, cholate-mediated, or sonication-induced; refs. [@B29][@B30][@B31], [@B52], [@B61][@B62][@B63]). The findings presented in this work show that the lipid:apoAI ratio rule also applies to the biogenesis of nascent HDL particles.

In addition to the relative availability of lipid and apoAI, a number of other factors bear on both rHDL and nascent HDL assembly. The same changes in the primary structure of apoAI that affect size distribution of rHDL particles also have an effect on size heterogeneity of nascent HDL ([@B38]). Another factor that influences rHDL and nascent HDL size heterogeneity is the cholesterol content of the starting lipid ([@B27], [@B63], [@B64]). Cholesterol is excluded from the 2-molecule-wide zone of phospholipid apposed to apoAI within the rHDL disc ([@B63], [@B64]). Given that the area of a circle increases exponentially to the power of 2, while its circumference expands linearly, this zone of apoAI contact occupies relatively less space in larger particles than in smaller. As a result, larger rHDL species contain more cholesterol than smaller, and as the cholesterol content of the starting lipid mixture increases, formation of the larger rHDL particles rises ([@B63]). Similarly, larger nascent HDL particles contain more cholesterol than smaller ([Figs. 2](#F2){ref-type="fig"}*A* and [3](#F3){ref-type="fig"}*A*, bottom panels), and loading of cells with cholesterol likely increases the cholesterol content of the ABCA1-created exovesicle (see below), constrains apoAI to assume large-disc structural conformations, and thus promotes formation of progressively larger nascent HDL species ([@B27], [@B63]). Our recent observations further show that pharmaceutical compounds that reduce the cholesterol content of the plasma membrane (U18666A) or disrupt cell lipid metabolism (D609) shift nascent HDL formation from the larger to the smaller species (unpublished results). All in all, formation of rHDL appears to be an exceptionally good model of apoAI-apoAI, apoAI-lipid, and lipid-lipid interactions that occur during nascent HDL assembly.

Role of ABCA1 in nascent HDL formation
--------------------------------------

ABCA1 clearly and strongly affects size heterogeneity of nascent and spherical HDL to the extent that it controls the availability of cell lipid for nascent HDL biogenesis. In BHK-ABCA1 cells, ABCA1 expression levels, nascent HDL production and the share of the larger particle species in the total lipoprotein all rise in unison ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Furthermore, impairment of ABCA1 activity caused by mutagenesis of its primary sequence leads to reductions in both overall HDL formation and the share of the larger HDL particles. This occurs *in vivo* in terms of total HDL in heterozygous Tangier disease individuals, who carry one active and one inactive *ABCA1* allele ([@B65]), and *in vitro* in terms of nascent HDL generated in BHK cells that express *ABCA1* sequences with the same mutations found in patients with Tangier disease ([Fig. 7](#F7){ref-type="fig"}). However, the conclusion that rHDL formation is a good model of nascent HDL biogenesis suggests that ABCA1 does not modulate apoAI-apoAI, apoAI-lipid, and lipid-lipid interactions that take place during lipoprotein particle assembly. This suggestion has ample empirical support. First, we have investigated whether the size heterogeneity of nascent HDL particles is a consequence of ABCA1 oligomerization or localization to different membrane domains or subcellular compartments and ruled out these possibilities (unpublished results). Second, in terms of nascent HDL heterogeneity, human and murine ABCA1, but not apoAI, are interchangeable. Under comparable assembly conditions, size profiles of nascent HDL particles formed with either human or murine ABCA1 and human apoAI are very similar and unmistakably distinct from size profiles of nascent HDL assembled with either human or murine ABCA1 and murine apoAI ([Figs. 2](#F2){ref-type="fig"}*A*, [8](#F8){ref-type="fig"}*A*, [9](#F9){ref-type="fig"}*A*, and [10](#F10){ref-type="fig"}*A* and ref. [@B38]). Third, the same changes in the size heterogeneity of nascent HDL as those effected by increasing ABCA1 expression levels can be brought about by merely increasing cell density, while keeping apoAI and ABCA1 levels constant ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Our model of nascent HDL biogenesis holds that ABCA1 facilitates extrusion of membrane exovesicles that are not much different from certain small tightly curved synthetically made liposomes used for cell-free generation of rHDL ([@B34], [@B66]). In the rate-limiting step, apoAI penetrates inside the exovesicle bilayer through the curvature-induced surface discontinuities and then microsolubilizes these exovesicles to nascent HDL independently of ABCA1 ([@B34], [@B63], [@B67]). ABCA1 expression levels likely correlate with the number of exovesicles and not the exovesicle size, because increases in size would lead to loss of both curvature and susceptibility to apoAI microsolubilization. From the perspective of apoAI activity, it matters little whether exovesicles are located on the same cell or different cells; hence, increases in the cell density can mimic rises in ABCA1 expression. On the other hand, an increase or a decrease in the number of exovesicles, regardless of its cause, would alter the ratio of available cell lipid:apoAI and shift the size composition of nascent HDL particles. The exovesicle model of nascent HDL formation accounts well for the role of the available cell lipid:apoAI ratio in nascent HDL heterogeneity.

CONCLUSIONS
===========

Nascent HDL size heterogeneity reflects the ratio of available cell lipid to lipid-free apoAI at the time of nascent HDL particle assembly. High available cell lipid:apoAI ratios lead to preferential formation of larger nascent HDL species with more apoAI molecules per lipoprotein particle and more phospholipid and cholesterol molecules per molecule of apoAI. Because ABCA1 performs a facilitatory role and does not influence the interactions among apoAI and lipid molecules, rHDL assembly appears to be an excellent model of nascent HDL biogenesis. In future research, it would be critical to confirm our *in vitro* findings in an *in vivo* system, to delineate how nascent HDL heterogeneity translates into the heterogeneity of mature HDL and to test other factors known to control size distribution of rHDL particles. A better understanding of factors that instill and maintain HDL particle heterogeneity would be a valuable guide for development of novel antiatherogenic therapies that take advantage of HDL quality parameters.
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